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Abstract
Coupling atom probe tomography (APT) and transmission electron microscopy (TEM), the

temporal evolution of the precipitate morphology and size distribution, and compositional width
of y/y’ interface and associated elemental partitioning, has been tracked in a model Ni-14Al-
7Cr(at%) alloy, during isothermal annealing at 800°C. During the initial annealing period,
accelerated growth of y’ is accompanied by a gradual decrease in interface width and
enhancement of solute partitioning. Further annealing exhibits classical LSW coarsening with
minimal changes in the interface.

Keywords: Coarsening; Interface; Nickel superalloy; TEM; APT

Paper

Nickel base superalloys typically consist of thermodynamically stable coherent L1,-ordered y’
precipitates in a disordered FCC y matrix. The change in morphology and size distribution of the
precipitates due to exposure to high temperature impacts their mechanical properties [1].The
coarsening behavior of y’ precipitates during service is vital for mechanical properties and
extensive research work has been done to determine the mechanism and kinetics of this
coarsening process [2-10]. The classical coarsening theory developed by Lifshitz-Slyozov[2]
and independently by Wagner [3] collectively known as the LSW theory, assumes solute
diffusivity within the parent matrix as the rate-limiting step and also assumes no precipitate-
precipitate interactions. Local phenomenon like coalescence of precipitates to decrease the
interfacial area during growth can be observed in an alloy with high volume fraction of
precipitates. Davies et al. modified the basic mean-field nature of the LSW theory and developed
Lifshitz-Slyozov encounter modified (LSEM) [4] theory with the assumption of instantaneous
coalescence of particles due to overlapping of their diffusion field during growth, resulting in a
modification of the basic LSW rate law with a volume dependent rate constant and a broader
particle size distribution. Developing a better mechanistic understanding of coarsening critically
depends on a more detailed understanding of the precipitate/matrix interface since
fundamentally, the total reduction of interfacial and elastic energy is the thermodynamic driving
force for coarsening. Most previous phase-field simulations of coarsening kinetics have
employed a computed interface width rather than a directly measured physical width [11,12]
Recently, Wen et al. [13] have incorporated local effects like dynamically changing composition
in the y/y’interface region to model the coalescence kinetics in a Ni-Al-Cr alloy. The rate of
solute diffusivity across the y/y’ interface can also change the coarsening mechanism, as recently
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proposed in the trans-interface diffusion controlled (TIDC) coarsening model [5]. The
application and relevance of the TIDC model[5] is critically dependent on a detailed
understanding of the nature of structural and compositional transitions across the interface as
highlighted in recent studies using high-resolution scanning transmission electron microscopy
(HRSTEM) and atom probe tomography (APT)[14].Over the years there have been a number of
detailed investigations of the early stages of y’ precipitation in nickel base superalloys using APT
and these have been summarized in some excellent review articles [15-17]. Recently, Hwang et.
al has discussed quantitative information on chemical partitioning of alloying elements[18] and
interface width [19] in the commercially used Rene 88 DT alloy, using APT. More recently,
Ardell[20] has discussed the calculation of the width of coherent y/y’ interfaces from diffuse
concentration profiles across the interface, using the concept of a gradient energy term, originally
developed by Cahn and Hilliard [21].APT investigations can be used to accurately determine the
width of these diffuse concentration profiles and consequently permits a comparison with values
predicted based on the gradient energy term. The present experimental study couples the
dynamically changing width and composition profile across the y/y’ interface with the kinetics of
growth and coarsening of y’ precipitates during ageing of Ni-14Al-7Cr (at%) alloy, with a high
v’ volume fraction.

The as-cast Ni-14at%Al-7at%Cr alloy was homogenized at 1200°C for 30 min followed by water
quenching. Quartz encapsulated samples with argon atmosphere were aged for 0.25, 1, 4, 16,
64,256hrs at 800°C and finally water quenched. Transmission electron microscopy(TEM)
samples were prepared from mechanically polished 3mm disk samples, subsequently reduced to
20 um thickness using a dimple grinder, and finally argon ion milled using a Fishione Model
1010 system. The centered dark field images were obtained using a FEI Tecnai F20 microscope
operating at 200 kV. Precipitate sizes and circularity values were obtained by applying standard
protocols to these images using the IMAGE J software. APT samples were prepared with an
apex diameter ~70 nm using a dual-beam focused ion beam (FIB) instrument, the FEI FESEM
NOVA 200. The APT experiments were carried out using a CAMECA local electrode atom
probe (LEAP™3000X) system from in the laser evaporation mode at a temperature of 35 K, with
the evaporation rate at 0.5%, pulse energy of 0.3 nJ and pulse frequency of 160 kHz. Data
analysis was performed using the IVAS 3.6 software.

The centered dark field TEM images of typical y+y microstructures observed in the Ni-14Al-
7Cr(at%) alloy, after isothermal annealing at 800°C for various time periods, are shown in Fig.
1.An accelerated growth and coarsening of spherical y’precipitates is clearly visible in the early
stages of annealing (Fig.1 (a), (b)and (c)).Upon further annealing, the morphology tends change
towards a cuboidal type with spherical edges as shown in Figs. 1(d),(e) and (f ). This change in
morphology can be attributed to the anisotropic elastic properties of these precipitates, resulting
in a strong spatial alignment along elastically soft <100> direction, as described in detail
elsewhere [22].The precipitate size distributions (PSD), for four of the annealing time periods,
measured using multiple dark-field images for each case (using the IMAGE J software), have
been summarized in Fig. 2(a-d). The number of precipitates used in these analyses ranged from
50-100. Additionally, a comparison of the average precipitate sizes and circularity values, as a
function of annealing time, is given in Table 1.
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The average precipitate sizes for different annealing time period have been plotted on a plot of
radius (1) vs. time (tl/ %) as shown in Fig. 2(e) to determine if the coarsening of these precipitates
follows a classical time-dependent LSW power law expression [2, 3] as given by

e -1 = k.t

where r; 1s the mean particle size at time t,ry is the mean particle size at t = 0 and k=coarsening
rate constant .A linear fit of the experimental data, shown in the r vs. ' plot in Fig. 2(e), yields a
slope of 1.1 that translates to k£ =1.33 x 10”'m’/sec. Based on the classical LSW model, the value
of this rate constant considering diffusion of Al in the matrix as the rate limiting step has been
calculated using the following equation:

r— AD.0.CeVm.10”
RT

where D is the diffusion coefficient of Al in the matrix at 800°C = 1x10""m?s"'[23],C. is the
atomic fraction of Al in equilibrium with the precipitate=0.08(from Table 2),0 is the
precipitate/matrix interface energy =30 x10~ J/m°[24],Vy, is the molar volume of the precipitate
=2.716x10” m’mol'[25],R is the universal gas constant=8.31Jmol'K'and T is the absolute
temperature=1073 K.Putting all these values in the above mentioned equation gives the value of
k to be 0.37 x 10%" m’/sec, that is in reasonable agreement with the experimental determined
value noted above. The difference between these two values of & can be possibly attributed to the
inaccuracies associated with the values of D, o, as well as the measurement of the precipitate
sizes from the TEM dark-field images .It should be noted that while the points on the plot shown
in Fig. 2(e), corresponding to the longer annealing time periods, are in good agreement with the
linear fit, the temporal power law exponent has been calculated to be 0.318 from a log r vs. log t
plot, and consequently appear to follow classical LSW coarsening. The two points corresponding
to the early stage of annealing show substantial departure from the LSW prediction. Therefore, it
appears that there is a period of rapid increase in the average precipitate size at the early stages of
annealing that can be attributed to a combined growth and coarsening phase during these early
stages. According to the LSW model, the maximum allowed normalized PSD is 1.5. Excluding
the early stage of annealing, i.e. at 0.25 hr showing a maximum normalized PSD value of 1.76
(refer to Fig. 2(a)), for longer annealing times, these values range from 1.5 to 1.6, which is very
close to the allowed upper limit based on the LSW model. The high value of PSD at 0.25 hr can
be attributed to high degree of precipitate coalescence, broadening its tail. So it is conclusive
from time invariant PSDs onwards 1 hr of annealing that the matrix diffusion limited
microstructural evolution is self-similar.

Two atom probe reconstructions of this alloy for the as-quenched and 0.25 hr annealed
conditions are shown in Figs. 3(a) and (b) respectively. These reconstructions show the Al-rich
v’ precipitates, delineated by Al iso-concentration (14 at%) surfaces, together with Ni ions. The
precipitates appear to be interconnected in both these reconstructions suggesting a tendency for
coalescence during growth and coarsening. The Al and Cr composition profiles, corresponding to
the 14at% Al isosurface, for all the annealing conditions have been shown in Fig. 4 as proximity
histograms or proxigrams [26,27], generated using the IVAS™ reconstruction software. The
elemental partitioning across the y/y’ interface and the compositional width, corresponding to Al
partitioning, have also been summarized in Table 2.Additionally, local and far-field y matrix
compositions for the different annealing times have been included in the same table. The
compositional width of the interface has been estimated based on the approach suggested by
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Ardell [20]. The model defines the interface width as & = AX/(dX/dZ),.x where AX=difference in
steady state composition of y and y’and (dX/dZ),.1s the maximum slope of the diffuse interface.
The values of AX and (dX/dZ),,.. have been determined from the APT data. The model proposed
by Ardell [20] also suggests that the onset of coarsening corresponds to when the compositional
width of the interface reaches a steady-state value if AX remains constant. Analyzing the data
shown in Table 2, clearly shows that the y/y’ interface width reaches a steady-state value of ~2
nm for annealing time periods longer than 1 hr, as well as there is no temporal change in matrix
composition. These observations suggest that a pure coarsening regime 1is initiated for time
periods greater than 1 hr.

The quantitative data shown in Table 2 and the proxigrams shown in Fig. 4 substantiate this clear
distinction between the early stages (time period from 0 to 1 hr) where concomitant growth and
coarsening occurs, and the later stages from 4hrs to 256 hrs where steady-state coarsening
appears to take place. Table 2 shows that the interface width changes from 3.5 nm to 2.5 nm
during the early stages of annealing. At the same time the Al content in the y matrix decreases
from 9.5 to 8.6 at% with increasing distance from the y/y’ interface. This gradual change in
matrix composition is an indication of far-field non-equilibrium compositions. The
compositionally diffuse nature of the interface coupled with the high volume fraction of v’,
results in rather small inter-precipitate distances, favoring local phenomena like coalescence of
precipitates to decrease interfacial energy. The opposite trend can be observed in case of the Cr
composition profile as shown in Fig. 4 as well as reflected in the values in Table 2. These results
indicate that local effects associated with the interface, such as elemental partitioning and
variation in the compositional width, are responsible for the high degree of precipitate
coalescence, leading to a high rate of increase in precipitate size during the early stages. Zhu et
al.[11] has discussed the accelerated coalescence of neighboring y’ precipitates with large
interface widths based on simulation studies .Additionally, previous experimental studies [28]
have also reported a higher coarsening rate than that predicted by the LSW model, due to
coalescence. The present experimental studies also exhibit a transient depletion of Al, and
enrichment of Cr, adjacent to the y/y’ interface, during the early stages of annealing, as shown in
Figs. 4(a), (b) and (c) and listed in Table 2. These transient compositional effects can be
attributed to diffusion-limited growth as explained elsewhere[29].Also, the gradual increase in
solute partitioning across the y/y’ interface, with annealing time, affects the misfit between these
two phases and the resultant strain energy, and consequently the circularity values change as
shown in Table 1.

Here, a strong influence of experimentally tracked non-equilibrium y/y’ interface profile on
coarsening has been discussed in contrast to simulations where extrapolated value from
thermodynamic equilibrium values are used for early stage of coarsening.

* During early stage of annealing in Ni-14Al-7Cr(at%), the accelerated growth of ¥’ has
been attributed to the gradual decrease in compositional width of y/y’ interface from 3.5
nm to 2.5 nm and continuously changing solute partitioning across the interface with
transient depletion of Al and enrichment of Cr at interface.

* During later stage of annealing, the interface width remains constant with no
compositional change in matrix which indicates the onset of classical LSW coarsening
with &= 1.33 x10*'m*/sec and temporal growth exponent =0.318.
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To understand the influence of y/y’ interface on complete domain of growth and coarsening by
varying volume fraction and temperature is a subject of future research.
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Figure Captions

Figure 1

Centered Dark field micrographs showing y’ in Ni-14Al1-7Cr(at%), isothermally aged at 800°C
for (a) 0 hr (b)0.25 hr (c) 1 hr (d) 16 hrs (e) 64 hrs (f) 256 hrs conditions

Figure 2

Particle size distribution for different ageing time (a) 0.25hr (b) 1 hr (c) 4 hrs (d) 256 hrs and (e)
Linear fit of precipitate size(nm) vs. cube root of annealing time

Figure 3

APT reconstruction delineated with 14% Al iso-surface showing coalescence of y’ in
Ni-14Al1-7Cr(at%) isothermally aged at 800°C for (a) O hr (b)0.25 hr

Figure 4

Composition profile and interface width across y/y’ in Ni-14Al-7Cr(at%) annealed at 800°C for
(a) 0 hr(b)0.25 hr (c) 1 hr (d) 16 hrs (e) 64 hrs (f) 256 hrs
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Tables

Table 1.
Comparison of the average y’ precipitate sizes and circularity values for various annealing
period
Ageing Average Circularity
Time(hr) radius(nm) of y’
0.25 8 0.93
1 25 0.91
4 30 0.81
16 44 0.7
64 75 0.7
256 108 0.6
Table 2.

Comparison of elemental partitioning across the y/y’ interface and the compositional width for
various annealing period

Ageing | Far field Local ¥’ comp Interface
Time ycomp | equilibrium (at %) width,
(hr.) (at %) ¥ comp & (nm)

(at %)
Al | Cr Al Cr Al Cr
0 95 [75] 91 | 84 | 188 |57 35
0.25 92 |87 89 [ 89 | 182 |56 3
1 86 |84 80 | 86 ] 18 |56 2.5
4 8 |85] 8 85173 | 59 2.1
16 83 |83 83 | 83|18 5.8 2.02
64 83 |82 83 | 82|17 5.6 2.02
256 80 |85]| 80 | 85|17 5.9 2.02
7

Approved for public release; distribution unlimited.




Fig. 1

8
Approved for public release; distribution unlimited.



Arbisrary ¥reguensy

JPSD at ! br|

Arbarany | regeescy

Fig. 2

o

9

Approved for public release; distribution unlimited.

9




» ’
TR B Q__III/J'

.
.','_' ‘7o, .
3 EI

110 nm
350 nm

Fig. 3

10
Approved for public release; distribution unlimited.



3 nm

10 8 6 4 2 0 2 4 6 8 10 ‘108 6 4 2 0 2 4 6 8 10
Distance (nm) Distance (nm)
Fig. 4
11

Approved for public release; distribution unlimited.



	Ni _Coarsening paper_manuscript
	Coarsening paper figs.pdf
	StmtACover.pdf
	AFRL-RX-WP-TP-2012-0370

	2012-0370SF298.pdf
	REPORT DOCUMENTATION PAGE




